We have studied the N KaKc = 1 11 -2 02 rotational transition of the ortho-methylene radical CH 2 in its ground vibrational and electronic ( X 3 B 1 ) state. Centered near 943 GHz, this pure rotational transition is split by fine-structure interactions into three components, which lie at 931, 945, and 956 GHz, and are characterized by the quantum numbers J = 1 -2, 2 -3, and 0 -1, respectively. In turn, each fine-structure component breaks up into a number of hyperfine components. A total of eight new hyperfine components were measured to a precision of about 20 kHz, and analyzed as part of a global data set with previously known data at lower frequencies. Since the 1 11 -2 02 transition is energetically rather low (110 K) compared with the previously measured 4 04 -3 13 interstellar transition, it should be more widely observable in interstellar clouds, either through an atmospheric window from the ground or, in the near future, with SOFIA and the Herschel Space Observatory.
INTRODUCTION
Methylene (CH 2 ) is a known interstellar molecule that has been detected towards two hot cores in dense interstellar clouds (Hollis, Jewell, & Lovas 1995) . The four spectral features detected, belonging to the N KaKc = 4 04 -3 13 rotational transition at 68-71 GHz, are rather high-lying, with an excitation temperature greater than 200 K. Such spectral features cannot be used to study methylene in cooler sources, so that a general picture of the distribution of this molecule in dense clouds cannot be obtained. According to theoretical models, methylene, a reactive radical, should show a similar distribution to the radical CH, which is calculated to peak in abundance at intermediate densities, or towards the edge of dense clouds (Lee et al. 1996a) . Integrated column densities presented by Lee et al. (1996a) in a slab model of dense clouds indicate an average fractional abundance at so-called "earlytime" of 10 -7 -10 -8 with respect to molecular hydrogen, a range similar to that obtained from simple homogeneous models at early time (Lee, Bettens, & Herbst 1996b ). The measured fractional abundances of Hollis et al. (1995) are in reasonable agreement with this prediction for the hot core in Orion and an order of magnitude or more less for W51 M, but the comparison is not particularly germane since the theoretical models are not designed for hot core chemistry.
Methylene is a basic molecule in gas-phase chemical models of both dense and diffuse interstellar clouds, where it is produced early in the sequence of ion-molecule reactions by processes such as (Herbst 2001) 
CH 3 + + e -→ CH 2 + H.
The dissociative recombination reaction (eq. (5)) has been studied by Vejby-Christensen et al. (1997) and shown to produce methylene as the dominant product. The destruction of methylene, which is also well understood, occurs mainly via reaction with O atoms except in poorly shielded regions. Thus, predictions of the abundance of CH 2 in diffuse clouds (e.g. Blint, Marshall, & Watson 1976; Black, Hartquist, & Dalgarno 1978) as well as dense clouds (Lee et al. 1996a,b) should be reasonably reliable, and observed abundances a strong test of ion-molecule models. Clearly, it is desirable to find a relatively low-lying rotational transition that can be used to study methylene in more environments than has heretofore been the case.
The observed laboratory spectrum of CH 2 in all wavelength regions has been extremely difficult to attain, to understand, to analyze, and finally to fit to a reliable
Hamiltonian, which has to be tailored to the individual problem, a task that is still unfinished.
Methylene is a radical with C 2v point-group symmetry and possesses a non-singlet 3 B 1 ground electronic state that lies only slightly below the lowest singlet electronic state. The laboratory study of the electronic spectrum of this molecule was pioneered by Herzberg and co-workers (Herzberg & Shoosmith 1959; Herzberg & Johns 1971) , as discussed in the recent biography by Stoicheff (2002) . The b-type rotational spectrum of the ground electronic state in a fieldfree environment was first studied by Lovas, Suenram, & Evenson (1983) , who measured the the N KaKc = 4 04 -3 13 rotational transition at 68-71 GHz. The calculated dipole moment along the b axis is 0.57 Debye (Bunker & Langhoff 1983) . Each rotational transition is split into a multiplet by fine structure interactions involving the electronic spins and the rigid-body rotation. For ortho-CH 2 , in which the total nuclear spin quantum number I H is unity, additional hyperfine splittings result, which do not occur in para-CH 2 , for which I H =0. The energies of some of the lower rotational levels of both spin forms of methylene are shown in Fig. 1 . The ortho and para designations are opposite to the standard b-type case (e.g. H 2 O) because of the unusual electronic symmetry of the state, which is antisymmetric to the exchange of protons.
The methylene radical represents one of the lightest molecules discovered in space and the energy separation of the lower energy rotational levels is accordingly quite wide, leading to the fact that all but one rotational transition are found in the submillimeter-wave region. In addition to the lines of ortho-CH 2 at 68-71 GHz measured in the laboratory by Lovas, Suenram, & Evenson (1983) , two sets of submillimeter-wave spectral lines, involving the N KaKc = 2 12 -3 03 and 5 05 -4 14 rotational transitions of the para modification, were studied by Ozeki & Saito (1995) at frequencies around 440-445 GHz and 592-594 GHz, respectively.
The former lines are somewhat lower lying than the previously measured interstellar lines, but are at least partially blocked by an atmospheric absorption line. The latter lines involve very high excitation. Measurements leading to extrapolated field-free rotational transition frequencies through 6 THz (Sears et al. 1984) were performed by Sears et al. (1982) employing far-infrared laser magnetic resonance spectroscopy, a very sensitive technique.
These extrapolations are normally accurate only to within a few MHz, and serve to reduce the search range for more accurate techniques. Laser magnetic resonance techniques have also been used for vibrational spectra in the infrared (Marshall & McKellar 1986 ).
In addition to the rotational transitions previously measured with high accuracy, three very important low N transitions occur at frequencies equal to or higher than 1 THz. These three transitions involve the three energetically lowest rotational levels -0 00 , 1 01 and 2 02 -as can be seen in Fig. 1 . The rotational transitions are 1 11 -2 02 and 1 11 -0 00 of ortho-CH 2 , lying at 931-956 GHz and 2.344-2.355 THz, respectively, and 1 10 -1 01 of para-CH 2 , lying at 1.902-1.926 THz (Sears et al. 1984) .
In this paper, we report the highly accurate measurement of 8 new lines of CH 2 belonging to the N KaKc = 1 11 -2 02 rotational transition of ortho-CH 2 , a transition the upper state of which is the lowest lying in emission (110 K). Despite their high frequency, the lines should be detectable from the ground as well as from future space-and air-borne observatories such as SOFIA and the Herschel Space Observatory. We have also re-measured some previously studied transitions of para-CH 2 at lower frequencies.
E. EXPERIMENT
The Cologne Terahertz Spectrometer (Winnewisser 1995; Lewen et al. 1998) mGauss perpendicular to the cell-axis was not compensated for. The ketene was produced from commercially available diketene by a 10 cm-long 600°C pyrolysis through quartz wool.
The discharge was operated at 30 mA and a pressure of 30µbar. The discharge products were pumped off by a liquid nitrogen-cooled trap backed by a turbo-molecular pump.
We used an axial magnetic field modulation technique (Klein et al. 1998 ) at 10 kHz with B max = 0.5 -2 Gauss to discriminate between the CH 2 -lines and numerous stronger and sometimes blending lines of unwanted diamagnetic side-products of the pyrolysis and discharge. Because at the high BWO-power levels utilized, the sensitivity of the spectrometer is baseline-limited in the case of frequency modulation, magnetic modulation improved the signal-to-noise ratios of the CH 2 lines by at least a factor of 10 due to flat baselines.
The strategy adapted to undertake the measurements on CH 2 efficiently was twofold.
The first goal was to reproduce and to re-measure the Ozeki and Saito (1995) laboratory results on para-CH 2 concerning the rotational transitions at 440-445 GHz and 592-594 GHz, respectively, split by fine structure into 6 components overall. These preliminary measurements served to optimize the performance of the Cologne Terahertz Spectrometer.
The newly measured frequencies are in agreement with the published ones to within 20 kHz.
The second goal, successfully achieved, was to measure the strong components of the 1 11 -2 02 rotational transition at 931-956 GHz, which is split by both fine-structure and hyperfinestructure interactions. The newly measured lines (ν obs ) are listed in Lovas et al. (1983) and Ozeki & Saito (1995) .
In addition to the eight strong hyperfine lines of the 1 11 -2 02 rotational transition reported in Table 1 , we have measured some weaker features that may or may not be assignable as due to methylene. Unambiguous assignment of these features will require a much deeper search than heretofore attempted. Figure 2 shows one of three fine-structure components of the previously studied 5 05 -4 14 rotational transition, as re-measured in Cologne, while the various panels of Figure 3 show assorted fine and hyperfine components of the newly studied 1 11 -2 02
transition.
E. SPECTRAL ANALYSIS
In addition to the normal rotational terms, the symmetry of the electronic ground state of CH 2 ( X 3 B 1 ) and the existence of nuclear spins lead to both fine-structure and hyperfinestructure splittings. The rigid-rotor energy levels are designated by N KaKc , where N represents the rigid-body rotational quantum number. The rigid-body angular momentum N couples with the total electronic spin angular momentum S to yield J, the total angular momentum excluding nuclear spin. If we label the total nuclear spin angular momentum I H , the total angular momentum F is given by the sum of J and I H . Along with the angular momentum vectors S, J, I H , and F are the quantum numbers S=1, J, I H , and F. The interactions involving the electronic spin and the rigid-body rotation cause the rotational energy levels to be split into three fine-structure levels characterized by the quantum number J=N+1, J=N, and J=N-1 for N>0. The coupling of the nuclear spin quantum numbers I=½ of the equivalent protons produces total nuclear spins I H = 1 and 0, corresponding to ortho and para spin modifications of CH 2 . For the ortho species, each member of the fine-structure triplet of levels splits into a triplet of hyperfine levels characterized by the total angular momentum quantum number F = J+1, J, J-1. In the determination of matrix elements of the total
Hamiltonian discussed below, we utilize a basis set composed of the symmetric top quantum numbers N, K, and the additional quantum numbers S, J, I H , F, M F where M F is the quantum number for the projection of F on a space-fixed axis. In addition to the normal b-type asymmetric-top selection rules, the selection rules for transitions in this basis are as follows:
In the analysis of the spectrum, we utilized a Hamiltonian H given by the equation (Gordy & Cook 1984 )
in which each term itself consists of individual contributions. For the pure rotational part of the Hamiltonian, H rot , the contributions are the rigid-rotor and the centrifugal distortion terms.
All angular momenta terms in the Hamiltonian with a total exponent of 4 or higher are considered to be centrifugal distortion terms. In the case of light and floppy CH 2 , the centrifugal distortion is appreciably large and cannot be neglected. In fact, to fit the newly measured lines along with previous lower frequency data, we were forced to consider distortion terms through sixth-order so that the overall Hamiltonian for rotation is given by the expression
where "rr" stands for the standard rigid-rotor expression, and the centrifugal distortion terms belong to the A-reduction of Watson (Gordy & Cook 1984) .
The fine structure Hamiltonian, H fs , consists of two terms:
the first of which describes the electron spin-electron spin interaction, while the second describes the electron-spin end-over-end rotational interaction. These terms can be written as follows:
where the subscripts α,β and x,y,z both refer to molecule-fixed axes. In the present analysis, a K 2 -dependent correction term for the α constant, , was included for elements diagonal in
and the four-order centrifugal spin-rotation term with parameter s ∆ Ν was added (Brown & Sears 1979 ).
Hyperfine interactions also occur via two contributions, both of which are caused by magnetic interactions between electron spin and nuclear spin. The hyperfine Hamiltonian is given by the equation
where the first term involves the so-called Fermi-contact interaction, while the second one involves an indirect dipole-dipole interaction in which the spin-coupling is mediated via the second-rank traceless tensor T.
The Hamiltonian matrix elements needed for calculation of the spectrum by matrix diagonalization were obtained in the basis N, K, S, J, I H , F using standard spherical tensor methods (Gordy & Cook 1984) . Fig. 4 summarizes to scale how the levels of the pure rotational transition 1 11 -2 02 split and shift upon sequential introduction of the different interaction terms into the Hamiltonian.
The detailed analysis of the spectra proceeded as follows. First, the molecular constants obtained by Ozeki & Saito (1995) were used for prediction of the 1 11 -2 02 transition frequencies centered near 943 GHz. Once these transition frequencies of ortho-CH 2 , shown in Table 1 , were measured and assigned, a global data set was constructed from them and the lower frequency transitions belonging to the 4 04 -3 13 , 5 05 -4 14 , and 2 12 -3 03 rotational transitions, which are also shown in Table 1 . Since our re-measured spectral lines for the 5 05 -4 14 and 2 12 -3 03 transitions do not differ significantly from those measured earlier, we have used the original frequencies. The global data set does not contain the zero-field LMR extrapolated lines (Sears et al. 1984) because these have been found by us to be unreliable.
For example, the line in Table 1 measured at 956661.048 MHz was reported to occur at 956700 MHz (Sears et al. 1984) .
The data set was fit by a non-linear least-squares treatment using matrix elements of the Hamiltonian terms discussed above. The newly determined spectroscopic constants are depicted in Table 2 along with previously determined sets of constants. Most of the centrifugal distortion constants in our fit have been held fixed at previous values determined by Sears et al. (1982) , an approach taken by Ozeki & Saito (1995) . The alternative would have been to include the zero-field LMR lines (Sears et al. 1984) in our global fit, despite their spotty accuracy for transitions measured by more precise methods.
It can be seen in Table 1 that the newly observed transition frequencies are fit to an uncertainty of º100 kHz or less, comparable to the experimental precision of 20-50 kHz. As can also be seen, the older transition frequencies are also fit to this level of accuracy for most lines. The quality of the fit could not have been obtained without the introduction of an effective constant T aaD defined so that T is replaced by T for terms diagonal in N and K. The number of spectroscopic constants needed is only somewhat smaller than the number of spectral lines fitted; this problem is not surprising for light hydrides. Moreover, Table 2 indicates that the previous fit of Ozeki & Saito (1995) for the 69, 444, and 593 GHz lines has been made a little worse through adding the newly measured transitions. But the fit of these authors suffers from a lack of redundancy: line frequencies of three rotational transitions were explained by varying three rotational constants. It is important to augment the data set in the future by transitions involving low quantum numbers in the fit, especially the transitions at 1.9 THz and 2.3 THz, for which we now have improved predictions. Such an augmentation should allow a refinement of the spectroscopic parameters.
The methylene radical, CH 2 , is of basic interest to astrochemistry because it is formed and destroyed early in the chain of ion-molecule reactions that govern the chemistry of interstellar clouds, so that its predicted abundance is not subject to many uncertainties. Methylene is calculated to be of measurable abundance in both diffuse and dense interstellar clouds, and to peak at intermediate densities in the latter. Yet, its spectral features do not make for facile detection. The electronic spectrum, which would be the mode of detection for diffuse cloud sources, occurs around 141.5 nm in the extreme ultra-violet (Herzberg & Shoosmith 1959) , with some lines missing because of predissociation. Infrared detection might be possible in absorption towards protostellar continuum sources; the fundamental ν 2 bending band is well studied (Marshall & McKellar 1986) .
Since the molecule is very light, the rotational spectrum is spread out, with few transitions occurring under 1 THz in frequency, and most of these involving energy levels of high excitation. Astronomical detection of methylene was finally achieved via the 4 04 -3 13 rotational transition, split by both fine and hyperfine effects into a series of lines between 68 and 71 GHz (Hollis et al. 1995) , but the excitation energy for the transitions is greater than 200 K, so that only warm sources such as hot cores could be studied. A lower-lying set of transitions, lying between 440-445 GHz, is partially obscured by atmospheric opacity. In particular, the F 2 component of the 2 12 -3 03 transition can be used for ground-based observation.
In this paper, we have reported the first highly accurate laboratory measurements of eight hyperfine components of the 1 11 -2 02 rotational transition. These strong components have the desirable feature of a reasonably low excitation energy of 110 K, but occur in the rather high frequency range 931-956 GHz. Although near 1 THz, the range does not occur in a region of especially large atmospheric opacity, and so detection of methylene via these transitions is in principle possible from the ground at the best telescope sites. In addition, Lovas et al. (1983) . d Measured by Ozeki & Saito (1995) . Ozeki & Saito (1995) (Submillimeter-wave) Sears et al. (1982) (LMR) Lovas et al. (1983) (Millimeter-wave) Marshall & McKellar (1986) of para-CH 2 , as re-measured by the Cologne Terahertz Spectrometer operating in magnetic modulation mode, which produces a 2nd derivative line shape with a fundamental frequency lock-in scheme. Note that the weaker predicted lines have not been detected unambiguously in the laboratory. The splitting of the rotational levels by assorted fine-structure and hyperfine interactions is depicted. The bottom trace presents a frequency display of the transition with the stronger lines, measured in the laboratory, marked with an asterisk.
